Biology  and  Medicine 


Lawre  noe  Radiation  Laboratory 

UNIVERSITY  OF  CALIFORNIA 
LIVERMORE 

Bio -Medical  Division 


UCRL-50461 

STUDIES  ON  UVER  DNA  IN  TRITIATED 
KANGAROO  RATS  LIVING  AT  SEDAN  CRATER 

F.  T.  Hatch,  J.  A.  Mazrimas, 

G.  G,  Greenway,  J.  J.  Koranda  and  J.  L.  Moore 

July  10,  1968 


* 


Holder  of  a  Summer  Student  Research  Appointment, 


Summer  1967, 


DISTRIBUTION  STATEMENT  A 

Approved  for  Public  Release 
Distribution  Unlimited 

20000908  181 


Reproduced  From 
Best  Available  Copy 

BTIC  W£Y  JSxggWSMSD  4 


Contents 


Abstract . 1 

Introduction  . 2 

Materials  and  Methods . 4 

Animals . 4 

Tritium  Content  . 7 

*  DNA  Isolation . 7 

Enzymes . . 7 

Nucleotides  . 7 

Measurements  on  DNA . 7 

Enzyme  Assays  . 9 

Results  . 9 

Estimation  of  Radiation  Dosage  from  . 9 

Other  Radiations . 10 

Properties  of  Liver  DNA  from  Control  Kangaroo  Rats: 

Comparison  with  DNA  of  Other  Species . 11 

Comparison  of  Liver  DNA  from  Crater  and  Control  Animals  .  .  .11 

Discussion  16 

Properties  of  Liver  DNA  from  Kangaroo  Rats . 16 

Nature  and  Dosage  of  Radiation  Exposure  of  Crater 

Kangaroo  Rats . 16 

Comparison  of  Liver  DNA  from  Crater  and  Control  Animals  .  .  .18 

^  Possible  Causes  for  the  Differences  between  Crater  and 

Control  DNA . 21 

Conclusions  22 

« 

Acknowledgments . 23 

References  24 


-iii- 


STUDIES  ON  LIVER  DNA  IN  TRITIATED 
KANGAROO  RATS  LIVING  AT  SEDAN  CRATER 


Abstract 


Kangaroo  rats  (Dipodomys  merr- 
iami)  living  near  the  crater  of  an  old  nu¬ 
clear  detonation  were  found  to  be  uniform¬ 
ly  tritiated.  The  lifetime  chronic  dose  to 

adult  animals  was  estimated  to  be  10  rad 
3 

from  internal  H  and  10  rad  from  persis¬ 
tent  external  j3-  and  Y-emitting  radionu¬ 
clides. 

Liver  DNA  was  isolated  from  these 
animals  and  from  control  animals  trapped 
in  areas  not  enriched  in  radionuclides. 
DNA  from  the  crater  animals  contained 

g 

6X10  dpm/g  hydrogen. 

In  comparison  with  control  DNA, 
the  crater  DNA  exhibited  the  following: 
more  protein  and  histone,  higher  molar 
absorbance  at  260  mju,  lower  thermal 
transition  magnitude  with  a  small  secon¬ 
dary  transition,  lower  mole  fraction  of 
A  +  T  nucleotides,  increased  template 
activity  for  2  RNA  polymerases  and  1 

DNA  polymerase,  and  relative  increase 
32 

in  ATP-Y-  P  incorporation. 

There  was  no  difference  in  the  molar 
absorbance  after  heat  denaturation. 


thermal  transition  midpoint,  intrinsic 
viscosity  before  or  after  heating,  or  sus¬ 
ceptibility  to  hydrolysis  by  DNase  I. 

The  physicochemical  observations 
are  compatible  with  a  slight  degree  of  un¬ 
folding  or  disorganization  in  the  structure 
of  the  DNA  of  the  crater  animals.  The 
enhanced  template  activity  may  have  re¬ 
sulted  from  the  introduction  of  additional 
binding  sites  for  the  polymerases  by  the 
radiation  exposure  or  by  subsequent  re¬ 
pair  mechanisms. 

Thus  a  radiation  effect  at  a  very  low 
chronic  radiation  exposure  has  been  dem¬ 
onstrated  with  biochemical  techniques. 

We  cannot  conclude  that  the  changes  were 
harmful,  because  the  population  in  which 
they  were  observed  was  apparently  a 
healthy  one.  However,  we  must  conclude 
that  the  changes  are  potentially  harmful 
because  they  involve  DNA,  which  plays  a 
central  role  in  normal  and  abnormal  cell 
behavior.  The  exposure  to  radiation  in 
this  study  approached  levels  which  could 
be  encountered  in  peaceful  applications 
of  nuclear  energy. 


Introduction 


>;< 

Deoxyribose  nucleic  acid  (DNA) 
situated  in  the  nucleus  of  cells  performs 
two  major  functions  which  place  it  in  the 
key  position  to  control  both  the  present 
and  the  future  behavior  and  well-being  of 
the  cell.  DNA  serves  as  a  primer  and 
template  firstly  for  self- duplication  dur¬ 
ing  the  process  of  cell  division  and  sec¬ 
ondly  for  the  synthesis  of  several  forms 
of  ribose  nucleic  acid  (RNA)  which  are 
involved  in  the  day-to-day  control  of 
metabolism  in  the  cell  (Fig.  1).  It  is 
generally  believed  that  DNA  is  the  cellu¬ 
lar  constituent  that  is  most  sensitive  to 
damage  by  ionizing  radiations.  Such 


damage  is  thought  to  be  responsible  for 
the  phenomena  most  readily  observed  in 
mammalian  organisms  as  consequences 

of  radiation  exposure,  namely,  chromo- 

1  2 
some  defects,  delay  in  cell  division, 

q  4 

and  cell  death.  The  arguments  favor¬ 
ing  DNA  as  the  prime  target  for  radiation 
action  have  been  discussed  by  Hutchinson5 
and  by  Haynes. 

With  biochemical  techniques  we  are 
seeking  evidence  for  molecular  changes 
that  may  be  related  to  the  morphologic  and 
functional  effects  of  ionizing  radiations. 

A  number  of  authors  have  published  re¬ 
ports  which  suggest  that  the 


The  following 
DNA 
RNA 
DNase  I 
PEI 

A260 

E(P) 

Tm 


abbreviations  are  used  throughout  this  report: 

deoxyribose  nucleic  acid; 
ribose  nucleic  acid; 
deoxyribonuclease  I  (pancreatic); 
polyethylene  imine; 
absorbance  at  260  mix; 

absorbance  at  260  mix  per  mole  of  nucleotide 
phosphate  per  liter; 

midpoint  temperature  of  major  thermal  transition  of 
ultraviolet  absorbance; 


'Tm*  approximate  midpoint  temperature  of  secondary 

thermal  transition; 

'p  width  of  thermal  transition  expressed  as  the 

1/2  temperature  difference  between  1/4  and  3/4  of  the 

total  transition  of  ultraviolet  absorbance; 


|Yj]  intrinsic  viscosity; 

ATP-14C  adenosine- 5! -triphosphate  uniformly  labeled  with 

14C; 

dCTP-14C  and  dTTP-14C  deoxyribonucleoside  triphosphates  labeled  in  the 

pyrimidine  moiety; 

ATP-7-5^P  adenosine- 5T-triphosphate  labeled  in  the  terminal 

phosphate  only  with  32p^ 

A,  T,  G,  C  deoxyribonucleotides  of  adenine,  thymine,  guanine 

and  cytosine,  respectively,  when  present  in  DNA 
or  polynucleotide; 

0  mole  fraction  A  +  T/A  +  T  +  C  +  G  in  DNA; 

abbreviations  of  other  nucleic  acid  constituents  conform  to  standard  usage. 
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Fig.  1.  Schematic  representation  of  the  dual  role  of  DNA  in  the  cell  as  primer-template  for  (1)  DNA  replication 

when  the  cell  divides,  and  (2)  RNA  transcription  for  continuous  regulation  of  protein  synthesis  and  metab¬ 
olism.  The  abbreviation  dRTP  refers  to  the  four  deoxyribonucleotide  triphosphates;  RTF  refers  to  the 
four  ribonucleotide  triphophates.  Adapted  from  ’’Antibiotics  and  the  Genetic  Code,”  Luigi  Gorini,  Sci.  An 
214  (4),  103  (1966).  Copyright(c)by  Scientific  American,  Inc.  All  rights  reserved. 


primer -template  functions  of  DNA  are 

very  sensitive  to  radiations  (discussion 

7 

below)  and  to  chemical  carcinogens  and 

may  also  be  altered  in  animal  and  human 

,  8-10 
tumors. 

An  interesting  experiment  in  the 
interactions  of  man  and  nature  presented 
itself  in  the  course  of  studies  by  this  lab¬ 
oratory  on  the  flora  and  fauna  reentering 

the  region  around  the  crater  of  an  old  nu¬ 
ll  1 2 

clear  detonation.  J  As  a  result  of  the 
combined  processes  of  nuclear  fission  and 
fusion  the  environment  acquired  an  essen¬ 
tially  uniform  distribution  of  tritium  to¬ 
gether  with  a  small  amount  of  persistent 
radionuclides  emitting  hard  j3  and  7  radi¬ 
ations.  The  principal  mammalian  species 

13 

present,  the  kangaroo  rats,  had  lived 
their  entire  lifetimes  in  this  tritiated  en¬ 
vironment,  so  that  all  body  consitituents 

14 

were  similarly  labeled.  In  addition 
these  animals  received  a  comparable 
radiation  dosage  from  penetrating  exter¬ 
nal  radiations.  The  features  of  particular 
interest  in  this  study  were  the  chronic 
irradiation  at  a  low  dose  level,  and  the 
especially  low-energy  )3  radiation  from  the 
tritium,  which  was  distributed  through¬ 


out  the  body  water  and  tissues  of  the 
animals. 

Liver  DNA  was  purified  from  these 
irradiated  animals  and  from  control  ani¬ 
mals  of  the  same  species  living  in  an  un¬ 
contaminated  environment.  The  DNA 
preparations  were  compared  with  respect 
to  template  activity  for  several  poly¬ 
merase  enzymes  and  with  respect  to  a 
number  of  physical  and  chemical  properties 

The  results  of  this  study  demon¬ 
strated  that  DNA  prepared  from  the  irra¬ 
diated  animals  exhibited  a  small  but  con¬ 
sistent  increase  in  its  primer-template 
function  for  several  polymerases.  The 
irradiated  DNA  exhibited  an  increased 
protein  content  after  a  standard  purifica¬ 
tion  procedure  and  slight  but  consistent 
alterations  in  the  thermal  transition  and 
in  the  ultraviolet  spectrum  taken  after 
heat  denaturation.  At  present  we  are  un¬ 
able  to  conclude  whether  these  changes 
represent  a  deleterious  effect  of  radiation 
exposure.  The  observations  are  signifi¬ 
cant,  however,  because  the  changes 
occurred  at  a  dose  level  considerably 
lower  than  that  of  most  previously  ob¬ 
served  effects  of  ionizing  radiation. 
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Materials  and  Methods 


ANIMALS 

Kangaroo  rats  (Dipodomys  merr- 
iami)  (Fig.  2)  were  trapped  alive  within  a 
distance  of  200  yards  from  the  Sedan  cra¬ 
ter  (Fig.  3)  at  the  Nevada  Test  Site  of  the 
U.  S.  Atomic  Energy  Commission.  This 
crater  resulted  from  the  detonation  of  a 
thermonuclear  device  in  1962,  five  years 
before  the  animals  were  obtained.  The 


species  of  kangaroo  rat  was  known  to  have 
reentered  the  vicinity  of  the  crater  ap¬ 
proximately  two  years  before  sampling. 
Control  animals  of  the  same  species  were 
trapped  near  Camp  Mercury  approximately 
40  miles  south  of  the  Sedan  crater  in  an 
area  not  known  to  be  contaminated  by  any 
radioactive  materials. 

The  animals  were  caged  and  shipped 
by  air  to  our  laboratory.  They  were  killed 
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kangaroo  rat  (Dipodomys  merriami).  Average  weight,  38  g. 
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Fig.  3.  Throwout  zone  surrounding  Sedan  crater,  five  years  after  detonation.  The  predominant  vegetation  is  Russian 
thistle,  Salsola  kali,  upon  which  the  kangaroo  rats  live.  Several  box  traps  for  live-trapping  are  visible  in  the 
background. 
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by  ether  or  by  cervical  dislocation.  The 
livers  were  quickly  excised  and  placed  on 
ice  and  those  from  four  to  five  animals 
were  pooled  before  the  isolation  of  DNA. 

TRITIUM  CONTENT 
3 

The  H  content  of  body  water  and  the 
organic  hydrogen  of  tissues  were  deter¬ 
mined  by  methods  developed  by  Koranda 


DNA  ISOLATION 

The  excised  livers  were  pooled  and 

passed  through  a  tissue  press  (Harvard 

Apparatus  Company,  Millis,  Massachusetts). 

The  pressed  material  was  frozen  and 

thawed  once.  DNA  was  isolated  by  the 

1 5 

method  of  Kay,  Simmons  and  Dounce. 

The  published  procedure  was  modified  only 
in  that  after  the  initial  homogenization 
steps,  the  solution  volumes  were  decreased 
in  accordance  with  the  smaller  yield  of 
DNA  from  liver  than  from  calf  thymus. 

The  final  yield  of  dried  DNA  was  approxi¬ 
mately  1  mg  per  gram  of  liver.  The  air- 
dried  DNA  was  stored  at  -20°C. 

Solutions  of  DNA  were  made  in 
0.015  M  sodium  chloride/0.0015  M  sodium 
citrate,  l/lOth  the  "standard"  concentra- 
tion.  Concentrations  of  DNA  were  rou¬ 
tinely  determined  by  absorbance  at  260  mju. 
Stock  solutions  contained  approximately 
1  mg/ml  and  were  stored  at  4°C. 

The  kangaroo  rat  DNA  was  compared 
with  Long-Evans  rat  liver  DNA  isolated  by 
the  same  procedure  and  with  salmon 
sperm  DNA  purchased  from  Calbiochem, 
Los  Angeles,  California. 


ENZYMES 

RNA  polymerase  and  DNA  polymerase 
prepared  from  E.  coli  were  purchased 
from  Biopolymers,  Inc.,  Pinebrook,  New 
Jersey.  RNA  polymerase  from  Micro¬ 
coccus  lysodeikticus  was  purchased  from 
Miles  Laboratories,  Inc.,  Elkhart, 

Indiana.  DNA  polymerase  was  prepared 
through  the  pH  5  precipitation  step  from 

regenerating  Long-Evans  rat  livers  by  the 

17 

procedure  of  Mantsavinos.  Pancreatic 
DNase  I  (electrophoretically  purified)  and 
snake  venom  phosphodiesterase  were  pur¬ 
chased  from  Worthington  Biochemical 
Corp.,  Freehold,  New  Jersey. 

NUCLEOTIDES 

Ribose  and  deoxyribose  nucleotide 

triphosphates  for  the  assays  of  primer- 

template  function  of  the  polymerases  were 

purchased  from  P.  L.  Biochemicals,  Inc., 

14  3 

Milwaukee,  Wisconsin.  C-  and  H~ 

labeled  nucleotides  were  purchased  from 

New  England  Nuclear  Corp. ,  Boston, 

32 

Massachusetts.  ATP-7-  P  was  purchased 
from  International  Chemical  and  Nuclear 
Corp.,  City  of  Industry,  California. 

MEASUREMENTS  ON  DNA 

1.  Protein  Content 

The  protein  content  of  DNA  samples 

was  determined  by  the  method  of  Lowry 
18 

et  al.  with  bovine  serum  albumin  and  a 
commerical  histone  preparation  as  stan¬ 
dards. 

2.  Histone 

The  histone  content  of  DNA  samples 
was  determined  by  the  method  of  Sakaguchi 
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as  described  by  Hamilton.  Standard 
solutions  were  made  from  arginine  and 
from  a  lysine-rich  histone  fraction  pur¬ 
chased  from  Calbiochem. 

3.  Nucleotide  Composition 

DNA  samples  were  dissolved  in 
0.03  M  MgSO^,  denatured  for  10  min  at 
100°,  and  hydrolyzed  in  two  stages  by  a 

20 

modification  of  the  method  of  Cohn  et  al. 
Treatment  with  DNase  I  |DNA:enzyme 
50:1  (w/w)J  was  carried  out  at  pH  5-6 
(unadjusted)  and  37°C  for  2  hr.  The  pH 
was  then  adjusted  to  9.0  with  NaOH  and 
phosphodiesterase  (DNA:enzyme  50:1  w/w) 
was  added.  Incubation  at  37°C  was  carried 
out  for  4  hr;  after  1  hr  the  pH  was  read¬ 
justed  with  NaOH  to  8.5-9.  The  total  in¬ 
crement  of  A260  during  hydrolysis  was 
70-75%  of  the  native  DNA  value.  The 
hydrolysates  were  concentrated  under  a 
stream  of  Ng.  Aliquots  were  analyzed  by 

thin-layer  chromatography  on  PEI-cellu- 

21 

lose  by  the  method  of  Randerath. 

4.  E  (P) 

Phosphorus  was  determined  by  the 

22 

ultramicromethod  of  Bartlett.  The  ab¬ 
sorbance  of  the  DNA  solution  at  260  mix 
was  determined  and  the  extinction  per  mole 
of  phosphorus  was  calculated. 

5.  Ultraviolet  Absorption  Spectrum 
Spectra  were  determined  in  a  Cary 

Model  15  recording  spectrophotometer 
(Applied  Physics  Corp.,  Monrovia, 
California)  and  the  wavelength  of  maxi¬ 
mum  absorption  was  estimated  from  the 
tracing  to  the  nearest  l/2  mix.  The  wave¬ 
length  calibration  of  the  instrument  was 
checked  with  a  solution  of  adenosine. 


6.  Thermal  Transition 

Thermal  transition  curves  were 
determined  in  a  Gilford  Model  2000  re¬ 
cording  spectrophotometer  (Gilford  Instru¬ 
ment  Labs.,  Inc.,  Oberlin,  Ohio)  equipped 
with  a  Haake  circulating  bath  (Brinkmann 
Instruments,  Inc.,  Westbury,  New  York) 
and  a  Heller  motor- controller  (G.  K. 

Heller  Co.,  Las  Vegas,  Nevada)  for  pro¬ 
gramming  a  rise  or  fall  of  temperature. 
Temperature  was  recorded  from  a  therm¬ 
istor  located  in  the  sample  compartment. 
The  rate  of  temperature  change  was  ap¬ 
proximately  0.4°C/min.  The  midpoint  of 
the  thermal  transition,  T-^,  and  the  tem¬ 
perature  range  between  one-quarter  and 
three-quarters  of  the  total  transition  in 
absorbance  at  260  mju,  T were  deter¬ 
mined  from  the  recording, 

7.  Spectral  Analysis 

A  spectral  analysis  was  performed 
by  the  method  of  Hirschman  and 
23 

Felsenfeld  at  the  beginning  and  at  the 
end  of  the  thermal  transition  procedure. 

The  data  were  transferred  to  punched 
cards  and  the  calculations  were  carried 
out  with  a  CDC-6600  computer.  The  "true" 
concentration  and  mole  fraction  of 
A  +  T/A  +  T  +  G  +  C  of  the  DNA  solutions 
were  calculated  from  the  denatured  spec¬ 
trum.  The  molar  extinction  coefficients 

at  260  mix  at  26°C  and  above  the  thermal 
transitions  were  calculated  from  the 
values  at  the  two  temperatures  and  the 
calculated  concentrations.  Absorbance 
ratios  at  230  mju/260  mix  and  290  m^u/260  mju 
were  calculated  because  these  values  ap¬ 
peared  to  be  affected  by  radiation  in  these 
and  other  experiments. 
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8.  Viscosity 

Viscosity  of  DNA  solutions  was 

measured  with  a  Zimm-Crothers  low-shear 

viscometer  (Beckman  Instruments,  Inc., 

24  25 

Spinco  Division,  Palo  Alto,  California). 

The  viscosity  relative  to  dilute  saline- 
citrate  buffer  was  measured  at  several 
concentrations  of  DNA  between  10  and  100 
/ug/ml.  The  reduced  specific  viscosities 
and  the  intrinsic  viscosity  were  calculated 
from  programs  developed  for  the  Pro- 
gramma  101  desk  computer  (Olivetti- 
Underwood  Corp.,  New  York,  New  York). 
The  slope  of  the  least  squares  regression 
line  for  reduced  specific  viscosity  vs 
concentration  was  also  computed, 

9.  Tritium  Content 

Small  samples  of  DNA  were  weighed 

on  a  Cahn  microbalance  (Cahn  Instrument 

Co.,  Paramount,  California)  and  were 

ashed  in  a  Schoniger  combustion  flask. 

Q  9 

The  H  HO  produced  was  measured  by 
liquid  scintillation  counting  in  Brayfs 
solution.  ^  6 

10.  Reaction  with  Ethidium  Bromide 
The  intensification  of  fluorescence 

quantum  yield  resulting  from  the  inter¬ 
action  of  DNA  with  ethidium  bromide  was 
determined  in  an  Aminco- Bowman  fluo- 
rometer  (American  Instrument  Co.,  Silver 
Spring,  Maryland)  by  the  method  of 
LePecq  and  Paoletti.27' 


ENZYME  ASSAYS 

The  primer -template  function  of 
samples  of  kangaroo  rat  DNA  was  deter¬ 
mined  with  several  polymerase  enzymes. 
The  RNA  polymerase  from  E.  coli  was 

assayed  according  to  the  method  of 

2q 

Chamberlin  and  Berg.  The  RNA  poly¬ 
merase  from  M.  lysodeikticus  was  as- 

30 

sayed  by  the  method  of  Nakamoto  et  al. 

1 4 

ATP-  C  was  used  as  the  labeled  pre¬ 
cursor.  The  DNA  polymerase  from 
E.  coli  was  assayed  according  to  instruc¬ 
tions  given  by  Biopolymers,  Inc.,  repre¬ 
senting  a  modification  of  the  method  of 
Richardson  et  al.;  and  the  DNA  poly¬ 
merase  from  rat  liver  was  assayed  by  the 

17 

method  of  Mantsavinos.  For  DNA  poly¬ 
merase  assays  dCTP-^C  or  dTTP-^C 
were  used  as  labeled  precursors. 

The  relationship  between  chain 

initiation  and  total  RNA  synthesis  by  RNA 

polymerase  was  determined  by  the  method 

of  Maitra  et  al.22  The  ATP-Y-^2P  and  the 
14 

ATP-  C  were  used  in  the  same  incuba¬ 
tion  vessel  and  a  channel  ratio  method 
was  used  to  determine  the  incorporation 
of  each  isotope  into  acid-insoluble  poly¬ 
nucleotide. 

The  rate  of  hydrolysis  of  DNA  by 
DNase  I  was  followed  measuring  absor¬ 
bance  at  260  mju  in  a  Gilford  recording 
33 

spectrophotometer. 


Results 


ESTIMATION  OF  RADIATION  DOSAGE 
FROM  3H 

3 

The  measured  H  content  of  the  body 
water  and  the  tissue  organic  material  is 


given  in  Table  I.  In  the  crater  animals 
this  was  found  to  be  approximately 
0.2  juCi/g.  It  is  significant  that  the  body 
water  of  the  control  animals  was  about 
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8  times  the  counting  instrument  back¬ 
ground,  although  the  soil  water  and  plants 
of  the  area  were  below  the  detection  limit 

o 

in  H.  Whether  this  is  due  to  unrecognized 
contamination  or  selective  uptake  from 
the  environment  is  under  study,  but  in 

3 

either  case  the  radiation  dosage  from  H 
in  the  control  animals  would  be  extremely 
small. 

The  approximate  tissue  dose  in  the 
crater  kangaroo  rats  was  2.9  mrad  per 
hour  or  25  rad  per  year  (Table  II).  Since 


34 

French  et  al.  have  reported  a  mean 
lifetime  of  4-5  months  for  these  animals 
in  their  desert  environment,  the  total 
radiation  dose  to  adults  was  in  the  neigh¬ 
borhood  of  10  rad.  It  was  estimated  that 

3 

on  the  average  there  were  1.5  H  disinte¬ 
grations  per  year  in  the  DNA  of  each  cell. 

OTHER  RADIATIONS 

At  the  ground  surface  and  at  the  depth 
of  the  burrows  the  persistent  radionu¬ 
clides  around  the  crater  delivered  a  Y 


Table  I. 


3 


H  content  of  kangaroo  rat  body  water. 


liver  and  DNA. 


Kangaroo 
rat  pool 

Body 

water 

dis/min 

gH 

Livera 

dis/min 

gH 

Diver 

DNAa 

dis/min 

gH 

Crater  A 

5.6  X  106 

6.0  X  106 

6.2  X  106 

Crater  B 

8.0  X  106 

— 

8.2  X  106 

Control 

5.5  X  103 

— 

<  1.8  X  105 

aTissue  organic  hydrogen  measured  by  combustion  and  liquid 
scintillation  counting  after  complete  dehydration  of  the  sample 

T  Vi  T7H  1  A  12 


m  vacuo. 


bThe  activity  was  below  the  estimated  minimum  detectable 
activity,  because  only  1  mg  of  DNA  was  available  for  com¬ 
bustion  and  liquid  scintillation  counting. 


Table  II.  Calculation  of  3H  irradiation  dosage  to  kangaroo  rat  liver  DNA. 


Mean  tissue  H  activity 
Assumptions  for  dose  estimation 

3 

Estimated  tissue  dose  from  H 

Irradiation  of  DNA  on  a  per-cell  basis 

3 

H  disintegration  rate  on  a  per-cell  basis 


Approximately  5X10°  dis/min/g  tissue 

or  2.3X10-7  Ci/g. 

0 

1.  H  is  uniformly  distributed  in  cells. 

2.  DNA  absorbs  energy  uniformly  with 
all  other  cell  consitituents. 

3 

Assumption:  1  Ci/g  delivers  12  X  10 
rad/hr. 

Tissue  dose:  2.9  mrad/hr  or  25  rad/yr. 

Assumption:  6  X  10  ^  g  DNA /cell. 

Dose  to  DNA:  (7  erg/g-day) 

X  (6  X  10-12  gDNA/cell)/ (1.6  X  10-12erg/eV) 
=  26  eV  or  nearly  1  ion-pair/cell  DNA/day. 

4.2  X  10“3  disintegrations /cell  DNA/day. 

1.5  disintegrations/cell  DNA/year. 
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dose  of  2  mrad/hr  and  a  hard  j3  dose  of 

0.5  mrad/hr.  Data  from  intermittent 

monitoring  of  the  area  showed  little 

change  in  dose  level  throughout  the  sixth 

year  after  the  detonation,  during  which 

the  kangaroo  rats  were  collected.  The 

total  external  dose  to  the  animals  was 

therefore  nearly  equal  to  the  dose  from 
3 

internal  H. 

PROPERTIES  OF  LIVER  DNA  FROM 
CONTROL  KANGAROO  RATS:  COM¬ 
PARISON  WITH  DNA  OF  OTHER  SPECIES 

The  properties  of  liver  DNA  from  the 
kangaroo  rat  have  not  been  reported  pre¬ 
viously.  The  protein  and  histone  contents 
were  similar  to  those  found  in  liver  DNA 
from  the  Long -Evans  rat  and  in  salmon 
sperm  DNA  (Table  III),  The  absorbance 
at  260  my  per  mole  of  phosphorus  content 
[E(P)]  was  equal  to  that  of  salmon  sperm 
DNA  (Table  III).  The  value  was  slightly 
higher  than  that  for  liver  DNA  from  the 
Long-Evans  rat,  but  all  of  the  E(P)  values 
were  within  the  range  reported  for  native 
DNA  samples  from  a  variety  of  organisms. 
The  ultraviolet  absorption  spectra  of  all 


the  DNA  samples  examined  were  very 
similar,  as  were  the  thermal  transition 
midpoints  (Tm)  in  DSC  buffer  (Table  IV). 
The  intrinsic  viscosities  [r]]  of  the  DNA 
samples  were  equal  within  the  limits  of 
error  of  our  technique,  except  for  a 
higher  value  for  heat- denatured  DNA  from 
the  Long-Evans  rat  (Table  VI). 

The  primer -template  activity  of 
kangaroo  rat  liver  DNA  was  substantial 
when  assayed  in  vitro  with  4  different 
polymerases  (Table  VII).  The  values 
observed  were  similar  to  those  of  Long- 
Evans  rat  and  salmon  sperm  DNA. 

COMPARISON  OF  LIVER  DNA  FROM 
CRATER  AND  CONTROL  ANIMALS 

Several  differences  which  may  be 
interrelated  have  been  shown  in  the  prop¬ 
erties  of  liver  DNA  from  the  tritiated 
and  control  animals. 

Protein  and  Histone  Content 

Liver  DNA  from  crater  animals  had 
approximately  6  times  more  protein  and 
histone  content  than  that  from  control 
animals  (Table  III). 


Table  III.  Properties  of  DNA  samples. 


Kangaroo  rat 

Long- 

Evans 

Salmon 

Crater 

Control 

rat 

sperm 

Absorbance  260  m^E(P) 

(  A  \ 

6600 

6920 

6250 

6920 

\mole  P/ 

Absorbance  peak^X^.^ 

iricix 

(mju) 

257.5 

258 

255 

258 

ci 

Protein  content 

(wt  %) 

5.5 

0.9 

0.7 

0.9 

a 

Histone  content 

(wt  %) 

6.5 

1.1 

2.8 

1.3 

cl 

The  higher  values  for  histone  than  for  total  protein  content  are  considered  to  be 
the  result  of  standardizing  the  protein  method  against  bovine  serum  albumin  and  the 
histone  method  against  a  commercial  sample  of  "lysine-rich  histone."  Within  each 
method  the  comparison  of  different  DNA  samples  should  be  valid,  but  the  absolute 
values  are  not  certain. 
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Nucleotide  Composition 

Preliminary  experiments  with  thin- 
layer  chromatography  have  not  revealed 
a  significant  difference  between  the  com¬ 
positions  of  DNA  from  crater  and  control 
animals,  nor  evidence  of  altered  nucleo¬ 
tides  in  detectable  amounts  in  the  tritiated 
samples.  However,-  see  the  section  below 
on  analysis  of  ultraviolet  absorption 
spectra. 

Thermal  Transition 

The  thermal  transition  midpoints  (Tm) 
of  crater  and  control  DNA  samples  were 
approximately  equal  when  the  determina¬ 
tions  were  made  in  either  of  two  buffers 
(Table  IV).  However,  the  percent  in¬ 
crease  in  A260  during  the  transition 
and  the  T  ^2,  or  width  of  the  transition, 
were  less  in  the  crater  samples  (Fig.  4). 
The  data  in  Fig.  4  are  expressed  in  terms 
of  molar  absorbance  calculated  from  the 
at  each  temperature  and  the 

260  rryu 

concentration  of  DNA  derived  from  the 


23 

spectral  data  on  denatured  DNA.  Two 
significant  features  of  the  curves  are 
brought  out  in  this  way.  First,  the 
crater  DNA  at  low  temperature  exhibited 
a  higher  molar  absorbance  than  the 
control  sample,  whereas  the  final  ab¬ 
sorbances  of  both  samples  after  heating 
were  similar.  This  phenomenon  was 

observed  repeatedly  in  comparing  dif¬ 
ferent  samples  of  crater  and  control  DNA. 
Second,  the  crater  DNA  samples  exhib¬ 
ited  a  small  second  transition  (Tm')  about 
10°C  above  the  Tm  in  both  buffer  systems, 
which  was  either  lacking  or  very  small 
and  indefinite  in  the  control  DNA.  The 
Tm'  was  also  not  observed  in  the  thermal 
transitions  of  Long-Evans  rat  or  salmon 
sperm  DNA. 

Analysis  of  Ultraviolet  Spectra 

The  method  of  Hirschman  and 
2  *3 

Felsenfeld  was  applied  for  analysis  of 
the  thermal  transition  of  the  ultraviolet 
absorption  spectra  of  crater  and  control 


Table  IV.  DNA  thermal  transition  data. 


Tm 

A% 

A260  m p 

T  1/2 

Tm' 

DNA 

Buffer 

(°C) 

(°C) 

(°C) 

Kangaroo  rat 

Crater 

DSCa 

69.2 

27.7 

4.9 

80.5 

Control 

DSC 

69.5 

33.1 

5.2 

none 

Crater 

Gb 

47.3 

39.0 

4.7 

57.3 

Control 

G 

47.2 

47.1 

5.8 

63. 8C 

Long-Evans  rat 

DSC 

68.6 

38.5 

4.3 

none 

Salmon  sperm 

DSC 

69.2 

35.1 

4.2 

none 

aDSC  buffer  contains  NaCl,  0.015  M,  and  Na  citrate,  0.0015  M,  pH  6.8 
(the  dilute  saline -citrate  of  Marmurl6). 

bG  contains  NaCl,  0.001  M;  Tris-Cl,  0.001  M;  methanol,  51  %  (v/v); 
pH  7.1  (Geiduschek^5). 

CA  small  and  indefinite  second  transition. 
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Molar  absorbance  at  260  mjj 


4.  Thermal  transition  of  ultraviolet  absorbance  at  260  mju.  Data  on  the  ordinate 
are  expressed  in  terms  of  molar  absorbance  based  upon  the  concentration  of 
the  solution  as  determined  from  analysis  of  the  ultraviolet  spectrum  after 
denaturation.23  The  molar  absorbance  of  crater  DNA  is  higher  than  that  of 
control  DNA  before  heating  whereas  the  values  are  nearly  equal  after  heating. 
Expression  of  the  ordinate  values  in  terms  of  relative  absorbance,  as  is  con¬ 
ventional  for  thermal  transition  curves,  would  lead  to  misinterpretation  of 
these  data.  The  arrows  point  to  the  Tm  values.  Note  the  small  second  tran¬ 
sition  Tm1  at  about  80°C  exhibited  by  crater  DNA. 
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DNA  (Table  V).  The  findings  summarised 
above  for  the  thermal  transition  curve  at 
260  mju  were  confirmed.  In  addition,  the 
mole  fraction  of  A  +  T  nucleotides  was 
estimated  from  the  parameter  (j>  to  be 
lower  in  the  crater  DNA:  53%  vs  59%  of 
the  total  A  +  T  +  G  +  C.  The  concentra¬ 
tion  of  DNA  estimated  from  the  hyper- 
chromic  (difference)  spectrum  was  less 
than  that  derived  from  the  denatured 
spectrum  for  both  DNA  samples.  The 
ratio  of  the  concentrations  from  hyper- 
chromic  and  denatured  spectra  may  be 
considered  an  estimate  of  the  fraction  of 
the  DNA  sample  which  melts  normally 


when  heated;  this  fraction  was  smaller 
for  crater  DNA. 

Examination  of  the  absorption  spectra 
obtained  after  heat  denaturation  showed 
for  crater  DNA  a  relative  increase  in 
absorbance  at  wavelengths  both  lower 
and  higher  than  the  major  peak  at  260  mju. 
The  absorbance  ratios  at  230  mju/260  nyu 
and  290  mju/260  nyu  were  higher  in  crater 
samples  (Table  V). 

Intrinsic  Viscosity 

The  intrinsic  viscosities  of  crater  and 
control  DNA  samples  were  equal  when 
measured  before  or  after  heat  denatur¬ 
ation  (Table  VI).  However,  the  crater 


Table  V.  Analysis  of  the  ultraviolet  absorption  spectrum  by  the  method  of  Hirschman 
and  Felsenfeld.23 


Kangaroo  rat 

Dong -Evans 

Crater 

dontrol 

rat 

E^j-  (native) 

6975 

6758 

6545 

E.^  (denatured) 

9075 

9112 

9101 

Ed/EN 

1.30 

1.35 

1.39 

Fraction  melting 

0.733 

0.835 

0.938 

A+T 

Mole  fraction  ^+t+q+q 

0.532 

0.593 

0.624 

A23C)/A260 

0.492 

0.441 

0.423 

0.222 

0.200 

0.194 

Table  VI.  Intrinsic  viscosity. 


Kangaroo  rat  liver 

Long-Evans 

Salmon 

Crater 

Control 

rat  liver 

sperm 

Native  DNA  [rj]  dl/g 

62 

63 

68 

66 

Slope 

0.61 

0.26 

1.98 

0.96 

Heat-denatureda  [rj]  dl/g 

23.5 

24.1 

46.5 

18.7 

Slope 

0.030 

0.075 

0.19 

0.28 

Concentrations  of  heat-denatured  DNA  were  determined  from  values 

measured  before  heating. 
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DNA  before  heating  exhibited  a  substan¬ 
tially  higher  slope  of  the  regression  line 
relating  reduced  specific  viscosity  and 
DNA  concentration. 

Enhancement  of  Fluorescence  of  Ethidium 
Bromide 

In  the  presence  of  DNA  the  fluorescence 
emission  of  ethidium  bromide  at  590  m ju  is 
enhanced  manyfold.  The  enhancement  is 
approximately  twice  as  great  for  native  as 
for  denatured  DNA,  No  difference  was 
observed  between  the  enhancement  by 
native  crater  and  control  DNA. 

Primer-Template  Activity  of  DNA 

The  primer-template  activity  of  crater 
and  control  DNA  samples  was  measured 
with  four  different  polymerases  (Table  VII). 
In  each  instance  the  assays  were  conducted 
under  conditions  specified  in  the  literature 
as  optimal  for  the  particular  enzyme,  and 
a  saturating  amount  of  DNA  was  added. 

For  RNA  polymerases  from  E.  coli  and 
M.  lysodeikticus  and  DNA  polymerase 


from  regenerating  rat  liver,  the  template 
activity  of  crater  DNA  was  consistently 
about  20%  higher  than  control  DNA.  For 
DNA  polymerase  from  E,  coli  there  was 
no  significant  difference. 

A  single  experiment  was  performed  in 
which  template  activity  was  compared  at 
a  series  of  DNA  concentrations  (Fig.  5). 
Crater  DNA  was  slightly  lower  in  activity 


DNA  added  —  jag 


Fig.  5.  DNA  saturation  curve  for  E.  coli 
RNA  polymerase. 


Table  VII.  Assays  of  primer -template  function. a 


DNA 

primer-template 

Enzyme 

Source 

Crater 

Net 

count  s/minb 

Kangaroo  rat 
Control 
Net 

counts/min 

A% 

Long- Evans 
rat 

Net 

counts/min 

Salmon 

sperm 

Net 

counts/min 

RNA  polymerase 

E.  coli 

272 

220 

+23.6 

199 

173 

RNA  polymerase 

M.  lysodeikticus 

845 

726 

+16.4 

1273 

423 

DNA  polymerase 

E.  coli 

544 

564 

-  3.5 

487 

738 

DNA  polymerase0 

Regenerating 

Long- Evans 
rat  liver 

718 

592 

+21.3 

719 

939 

aThe  results  were  obtained  by  averaging  the  values  from  duplicate  determinations  on  DNA  samples  from  pooled 
livers  of  two  sets  of  crater  kangaroo  rats  and  one  set  of  control  kangaroo  rats.  The  values  for  DNA  from  Long- 
Evans  rat  and  salmon  sperm  were  from  single  determinations,  but  comparable  to  those  obtained  in  many  assays. 

bData  are  given  in  net  counts/min  of  incorporated  labeled  precursor  (ATP-14C,  dCTP-14C  or  dTTP-14C)  after 
subtraction  of  the  value  for  a  vessel  in  which  the  enzyme  was  added  terminally  and  followed  immediately  by  TCA. 

cThe  results  with  DNA  polymerase  from  regenerating  rat  liver  were  from  single  experiments  with  DNA  from 
crater  and  control  kangaroo  rats  obtained  a  few  months  earlier  but  otherwise  similar  to  those  reported  in  full 
here. 
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than  control  DNA  up  to  the  maximal  ac¬ 
tivity  but  higher  than  the  control  above 
the  saturating  amount  of  DNA.  The  reason 
for  the  decline  in  activity  above  the  maxi¬ 
mum  is  not  known;  it  is  only  partly  a 

14 

result  of  self -absorption  of  C  counts  by 
the  larger  amount  of  DNA-RNA  precipi¬ 
tate  on  the  filter. 

14 

Relative  Incorporation  of  ATP-  C  and 
ATP-Y-^P  into  RNA 

o  9 

Maitra  et  al.  have  reported  that  RNA 
chains  are  initiated  by  RNA  polymerase 
with  the  incorporation  of  a  purine  nucleo¬ 
tide  triphosphate.  The  amount  of 
ATP-7-32P  incorporated  should  therefore 
be  proportional  to  the  number  of  RNA 
chains  initiated.  The  amount  of  incorpo¬ 
ration  of  ATP-14C  or  other  nucleotide 
labeled  in  the  base  moiety  is  proportional 


to  the  total  amount  of  RNA  synthesized. 

14  32 

The  ratio  of  C/  P  incorporated  is 

therefore  considered  to  be  an  indication 

of  the  average  length  of  RNA  chains 

synthesized  in  the  reaction. 

The  experiment  reported  in  Fig.  6, 

with  the  exception  of  an  aberrant  point 

considered  to  represent  technical  error, 

indicated  a  lower  C/  P  incorporation 

ratio  for  crater  DNA,  which  resulted 

32 

from  a  relatively  high  P  incorporation. 
The  ratio  decreased  slightly  with  in¬ 
creasing  amount  of  added  DNA,  whereas 
the  ratio  for  control  DNA  increased. 

Susceptibility  to  Hydrolysis  by  DNase  I 
The  rate  of  increase  in  ultraviolet 
absorbance  at  260  raju  during  incubation 
with  DNase  I  was  the  same  for  crater 
and  control  DNA. 


Discussion 


PROPERTIES  OF  LIVER  DNA  FROM 
KANGAROO  RATS 

We  have  isolated  DNA  from  Long-Evans 
rat  and  kangaroo  rat  livers  by  a  method 
originally  devised  for  calf  thymus  DNA. 
When  allowance  was  made  during  the  pro¬ 
cedure  for  the  much  smaller  DNA  content 
of  liver,  a  white  fibrous  product  was 
obtained  which  had  all  of  the  expected 
physicochemical  and  primer-template 
properties  of  native  DNA.  The  kangaroo 
rat  liver  DNA  did  not  differ  in  any  im¬ 
portant  respect  from  Dong-Evans  rat 
liver  DNA  or  salmon  sperm  DNA. 


NATURE  AND  DOSAGE  OF  RADIATION 
EXPOSURE  OF  CRATER  KANGAROO 
RATS 

The  kangaroo  rat  is  believed  to  live  on 
a  range  only  a  few  hundred  feet  in  diam¬ 
eter,  except  during  infrequent  migration 

Q  £? 

periods.  It  consumes  no  free  water, 
but  derives  nearly  all  of  its  water  from 
its  principal  food,  the  seeds  of  the 
Russian  thistle  (Salsola  kali).  There  may 
also  be  a  small  amount  of  respiratory 
water  exchange  via  humid  air  in  the 
burrows.  The  crater  animals  studied 
were  trapped  between  200  and  400  ft  from 
the  crater  lip  (800-1000  ft  from  ground 
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Fig.  6.  DNA  saturation  curves  for  E.  coli  RNA  polymerase  with  simultaneous  incor¬ 
poration  of  ATP-l^C  (indicating  total  RNA  synthesis)  and  ATP-7-^P  (indi¬ 
cating  RNA  chains  intiated).  The  very  high  incorporation  of  in  the  crater 
sample  at  30  yg  of  DNA  is  believed  to  represent  technical  error.  The  results 
suggest  that  RNA  polymerase  may  be  bound  to  crater  DNA  at  more  sites  with 
more  RNA  chains  initiated  but  that  the  chains  are  of  shorter  average  length.32 
The  conclusion  is  tentative  because  of  the  limited  amount  of  data  and  the  ap¬ 
parent  error  in  one  vessel. 
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3 

zero).  Koranda  has  shown  that  the  H 
content  of  soil  and  plants  remains  mark¬ 
edly  elevated  to  at  least  2000  ft  from 
11  12  3 

ground  zero.  *  The  H  levels  in  the 
body  water  and  tissues  (including  the 
liver  DNA)  of  the  animals  studied  corre¬ 
spond  well  to  those  found  in  the  corre¬ 
sponding  soil  and  plant  samples.  There¬ 
fore,  it  is  probable  that  most  of  our 
animals  have  lived  their  entire  lives  from 
the  time  of  conception  in  this  uniformly 
tritiated  environment.  Thus  all  cellular 

constituents,  regardless  of  their  metabolic 

3 

turnover  rates,  should  contain  H  in  pro¬ 
portion  to  their  hydrogen  content.  These 
circumstances  are  unique  and  difficult  to 
duplicate  under  laboratory  conditions  in  a 
mammal. 

With  regard  to  possible  radiation  ef¬ 
fects  on  DNA,  a  special  question  arises 

3 

whether  the  irradiation  from  decay  of  H 
atoms  within  the  DNA  molecule  might 

3 

have  any  different  effect  from  that  from  H 
in  the  surrounding  water  and  proteins. 

We  do  not  know  the  answer,  but  have  as¬ 
sumed  no  special  properties  in  our  dose 
calculations.  Likewise  we  have  not  as- 

3 

sumed  that  the  R.  B.  E.  of  H  irradiation 
differs  from  1.0.^ 

Most  of  the  other  radionuclides  pro¬ 
duced  in  the  explosion  had  decayed  by  the 
time  the  animals  were  trapped.  The  total 
dosage  from  external  jS  and  7  radiation 

was  estimated  at  26  rad  per  year,  ap- 

3 

proximately  equal  to  that  from  H.  The 

amounts  of  7-emitting  radionuclides 
90  137 

(principally  Sr  and  Cs)  incorporated 
in  the  plant  and  animal  tissues  do  not 
differ  appreciably  from  those  prevalent 
elsewhere  in  the  U.  S. 


COMPARISON  OF  LIVER  DNA  FROM 
CRATER  AND  CONTROL  ANIMALS 

Although  the  DNA  samples  after  iso¬ 
lation  had  the  same  gross  appearance 
and  approximately  the  same  yield  per 
gram  of  liver,  it  was  noted  repeatedly 
during  the  purification  procedure  that 
the  dissociated  protein  at  the  two  pre¬ 
cipitation  steps  was  more  voluminous 
and  more  granular  in  appearance  in  the 
crater  samples.  At  present  we  have  no 
further  information  about  this  observation. 

The  differences  and  similarities  be¬ 
tween  crater  and  control  DNA  samples  are 
summarized  in  Table  VIII.  Many  or  all 
of  the  observed  differences  may  be  inter¬ 
related,  but  no  definitive  interpretation 
in  terms  of  structural  alteration  in  the 
DNA  is  possible  yet. 

The  elevated  protein  and  histone  con¬ 
tent  of  crater  DNA  might  result  from 
covalent  crosslinking  to  DNA  or  some 
form  of  strong  noncovalent  binding.  This 
might  also  account  for  the  secondary  ther¬ 
mal  transition  (Tmf)  above  the  main  tran¬ 
sition  (Tm)  as  described  by  Von  Hippel 

et_al.  with  model  complexes  of  DNA  and 

38  39 

polyamino  acids  or  protamine.  * 

Alternately  the  Tm1  could  be  accounted  for 

by  the  presence  of  a  subfraction  of  DNA 

40  41 

with  altered  properties  J  or  by  the 
presence  of  a  small  number  of  altered 
base  pairs  with  increased  binding  energy. 

The  elevated  molar  absorbance  of  un¬ 
heated  crater  DNA  and  its  narrower  and 
smaller  thermal  transition  suggest  that 
the  crater  DNA  as  isolated  may  be  al¬ 
ready  slightly  unfolded  or  "denatured." 
However,  apparently  not  enough  single¬ 
strand  breaks  were  induced  by  the  radia¬ 
tion  to  lower  the  viscosity  significantly 
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Table  VIII.  Summary  of  observations 


Crater  DNA  contrasted  with  control  DNA 

1.  3H  content  of  6  X  106  dis/min/g  H. 

3 

2.  Chronic  radiation  exposure  averaging  10  rad  from  internal  H  and  10  rad  from 
external  j8  and  Y  radiation, 

3.  Higher  protein  and  histone  content. 

4.  Higher  molar  absorbance  in  native  state. 

5.  Lower  thermal  transition  magnitude. 

6.  Narrower  thermal  transition. 

7.  Secondary  thermal  transition  (Tmf). 

8.  Lower  mole  fraction  of  A  +  T  nucleotides. 

9.  Increased  absorbance  ratios  at  230  m/j/260  mju  and  290  mju/260  m/i. 

10.  Increased  concentration-dependence  of  reduced  specific  viscosity. 

11.  Increased  template  activity  for  3  polymerases. 

12.  Decreased  incorporation  ratio  of  ATP-^C/ATP-Y-^P. 

_ No  difference  observed _ _ 

1.  Wavelength  of  maximum  absorbance. 

2.  Molar  absorbance  after  heat  denaturation. 

3.  Thermal  transition  midpoint  (Tm). 

4.  Intrinsic  viscosity  before  or  after  heating. 

5.  Enhancement  of  fluorescence  of  ethidium  bromide. 

6.  Template  activity  for  E.  coli  DNA  polymerase. 

7.  Susceptibility  to  hydrolysis  by  DNase  I. 


after  heat  denaturation,  as  was  observed 

by  Harrington  with  1000  r  of  x-irradia- 
43 

tion.  The  increased  concentration- 
dependence  of  the  viscosity  of  unheated 
crater  DNA  is  also  consistent  with  some 
type  of  distortion  of  the  molecule  without 
actual  fragmentation,  since  concentration- 
dependence  probably  reflects  intermolec- 
ular  interactions. 

The  lower  mole  fraction  (<£)  of  A  +  T 
nucleotides  and  the  higher  absorbance 
ratios  at  230  m^/260  m ju  and  290  rryu/ 

260  mfjL  for  crater  DNA  can  be  calculated 
from  the  absorption  spectra  taken  either 
before  or  after  heating.  A  simple 


explanation  might  be  the  spectral  con¬ 
tribution  of  the  extra  protein  moiety  found 
in  crater  DNA;  however  an  approximate 
calculation  shows  that  much  more  protein 
than  was  found  would  be  required  to 
account  for  the  data.  Selective  destruc¬ 
tion  or  transformation  of  nucleotides 
could  produce  the  changes.  The  approx¬ 
imately  equal  molar  absorbances  at 
260  mfj,  of  crater  and  control  DNA  ob¬ 
served  after  heat  denaturation  excludes 
anything  more  than  a  slight  destruction  of 
the  total  ultraviolet -absorbing  material. 
Our  preliminary  search  for  transformed 
nucleotides  by  thin-layer  chromatography 


has  not  revealed  any,  but  we  have  not  yet 
achieved  optimal  sensitivity  of  the  method. 
The  possible  destruction  or  transformation 
of  nucleotides  by  irradiation  has  impor¬ 
tant  implications  for  genetic  or  somatic 
mutations.  Therefore,  these  observations 
will  be  further  investigated. 

Preliminary  experiments  in  our  labor¬ 
atory  have  shown  changes  in  <j>  and  in  the 
absorbance  ratios  similar  to  those  de¬ 
scribed  above  when  purified  DNA  was 
irradiated  in  vitro  with  1000  r  of  7- 

radiation  from  137Cs,  and  when  poly-dAT 

3 

which  had  been  synthesized  from  H-TTP 
of  high  specific  activity  was  subjected  to 
self -irradiation. 

The  enhanced  primer-template  activity 
of  crater  DNA  for  three  polymerases 
when  saturating  amounts  of  DNA  were 
added  is  difficult  to  understand.  Unfor¬ 
tunately  to  date  we  have  only  one  satis¬ 
factory  experiment  covering  a  wide  range 
of  DNA  concentrations;  this  experiment 
indicates  that  the  enhancement  may  apply 
only  to  high  DNA  levels. 

Harrington  has  carried  out  the  most 

extensive  studies  of  the  effects  of  ionizing 

radiation  on  the  template  activity  of 
42-44 

DNA.  Most  of  her  experiments  were 

carried  out  with  an  assay  system  consist¬ 
ing  of  purified  DNA  from  calf  thymus  and 
DNA  polymerase  from  E.  coli.  The  radi¬ 
ation  dose,  administered  in  0.01  M 
phosphate  buffer,  was  usually  1000  r  of 
x  rays,  although  a  small  effect  was  ob¬ 
served  at  100  r.  The  radiation  effect  was 
complex.  There  was  slight  enhancement 
of  template  activity  over  unirradiated 
DNA  at  low  concentrations  of  DNA  and 
impairment  at  higher  concentrations.  The 
maximal  activity  for  irradiated  DNA  was 
less  than  that  for  unirradiated  DNA  and 


was  observed  at  a  lower  DNA  concentra¬ 
tion. 

Physicochemical  studies  by  Harrington 
showed  that  specific  viscosity  was  mod¬ 
erately  decreased  in  unheated,  irradiated 
(1000  r)  DNA  and  markedly  decreased  in 
heated,  irradiated  DNA.  There  was  also 
a  moderate  decrease  in  ultracentrifugal 
sedimentation  velocity  and  a  1.5°C  de¬ 
crease  in  the  thermal  transition  midpoint 
(Tm).  The  irradiated  DNA  was  more  sus¬ 
ceptible  to  hydrolysis  by  a  nuclease  pre¬ 
paration  from  E.  coli.  The  findings  were 
interpreted  as  showing  the  production  of 
a  small  number  of  single-  and  double - 
strand  breaks  in  the  DNA  molecules  by 
the  radiation.  Similar  but  less  striking 
results  were  produced  by  in  vivo  irradia¬ 
tion  (1000  r)  of  leukemic  lymphoblast 
cell  cultures. 

Treatment  of  DNA  with  deoxyribo¬ 
nucleases  I  and  II  and  ultrasound  increased 
template  activity  at  all  DNA  concentra¬ 
tions;  ultraviolet  light  decreased  template 
activity  at  all  DNA  concentrations.  The 
effect  of  heat  denaturation  more  closely 
resembled  that  of  x  rays  in  that  there  was 
little  difference  in  template  activity  at 
low  DNA  concentrations  and  a  decrease  at 
higher  DNA  concentrations. 

Stacey  showed  inhibition  of  template 

activity  for  calf  thymus  DNA  polymerase 

of  calf  thymus  DNA  that  had  received 

45 

20,000  or  more  rad  of  x-radiation.  Both 
control  and  irradiated  samples  required 
heat  denaturation  before  becoming  active 
for  this  enzyme. 

46  47 

Zimmermann  et  al.  and  Kroger  et  al. 

showed  that  x-ray  doses  of  1000  rad  or 
more  inhibited  the  template  activity  of  DNA 
for  RNA  polymerase  prepared  from  E.  coli. 
On  the  other  hand  the  synthesis  of 


polyadenylic  acid  or  polyuridylic  acid  by 
RNA  polymerase  was  increased  after  7- 
irradiation  at  kilorad  doses  to  the  DNA 
template.  Homopolymer  synthesis  is 
normally  much  higher  with  heat-denatured 
than  with  native  DNA. 

Weiss  and  Wheeler  demonstrated  ap¬ 
proximately  50%  inhibition  of  template 
activity  for  M.  lysodeikticus  RNA  poly¬ 
merase  of  calf  thymus  DNA  that  had  re- 

48 

ceived  10,000  rad  of  7- irradiation.  The 

base  ratios  in  the  synthesized  RNA  were 
altered  with  the  irradiated  template  so  that 
less  CMP  and  more  AMP  and  GMP  were 
incorporated.  The  results  were  inter¬ 
preted  in  terms  of  production  by  the  radi¬ 
ation  of  sites  on  the  DNA  which  could  bind 
RNA  polymerase  but  at  which  little  or  no 
RNA  was  synthesized.  The  altered  RNA 
base  ratios  were  thought  to  represent 
coding  errors  resulting  from  damage  to 
bases  in  the  DNA. 

QO  14 

When  ATP-7-  P  and  ATP-  C  were 

simultaneously  added  to  the  incubation 

1 4  82 

mixtures,  the  ratio  of  C/  P  incorpora¬ 
tion  was  lower  for  crater  DNA  owing  to  a 
relatively  high  P  incorporation.  Our 
present  interpretation  of  these  data  is  that 
the  crater  DNA  possessed  an  increased 
number  of  binding  sites  for  the  polymerase 
where  RNA  chains  were  initiated  with  the 
terminal  nucleotide  triphosphate.  Although 
total  RNA  synthesis  was  about  equal  on 
both  DNA  samples  (when  a  saturating 
amount  of  DNA  was  added),  the  average 
amount  of  synthesis  (RNA  chain  length)  at 
each  site  was  decreased  on  the  crater  DNA 

template.  According  to  the  hypothesis 
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proposed  by  Weiss  and  Wheeler,  addition¬ 
al  sites  may  be  produced  in  DNA  by  irradi¬ 
ation,  at  which  RNA  polymerase  molecules 
are  bound,  with  incorporation  of  intact 


ATP  at  the  start  of  RNA  chains  but  with 
little  or  no  synthesis  of  RNA  (incorporation 
of  AMP).  Whether  the  additional  chain- 
initiation  sites  observed  in  our  experiments 
resulted  from  single- strand  breaks  in  the 
DNA  chain  or  from  other  local  structural 
changes  is  unknown. 

In  summary,  we  have  demonstrated  that 
DNA  isolated  from  the  livers  of  kangaroo 
rats  exposed  to  continuous  low-dose  ir¬ 
radiation  exhibits  (1)  minor  structural 
alterations,  which  are  tentatively  inter¬ 
preted  as  indicating  partial  unfolding  with 
exposure  of  additional  binding  sites  for 
RNA  polymerase,  and  (2)  altered  perfor¬ 
mance  as  a  template  for  certain  DNA  and 
RNA  polymerases. 

POSSIBLE  CAUSES  FOR  THE  DIFFER¬ 
ENCES  BETWEEN  CRATER  AND 
CONTROL  DNA 

Ionizing  Radiation 

We  believe  that  the  j3 -radiation  from 
^H  is  the  most  likely  cause  of  the  altera¬ 
tions  observed  in  crater  DNA  samples. 
Some  additional  contribution  from  the 

external  7- radiation  cannot  be  excluded. 

3 

The  effects  probably  are  derived  from  H 
atoms  both  within  the  DNA  molecules  and 
in  the  surrounding  water  and  protein. 

There  appear  to  be  three  possible  modes 
of  action  of  the  radiation:  (1)  direct  effects 
upon  DNA  structure  resulting  possibly  in  a 
small  number  of  single-strand  breaks  and 
in  localized  disruptions  of  base -stacking, 

(2)  indirect  effects  in  which  unspecified 
radiation  effects  lead  to  a  differential 
fragility  of  the  DNA  samples  during  the 
isolation  procedure,  so  that  DNA  isolated 
from  the  crater  animals  is  a  biased  sample 
of  liver  cell  DNA,  or  (3)  indirect  effects 
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owing  to  the  activation  of  in  vivo  repair 

mechanisms  which  lead  to  the  observed 

differences  in  DNA  properties. 

To  test  the  third  hypothesis  preliminary 

experiments,  not  reported  here  in  detail, 

showed  that  neither  the  incorporation  of 
32 

inorganic^  PO^  III  V^-VQ  nor  °f  dATP  in  an 
in  vitro  assay  for  liver  DNA  polymerase 
activity  was  enhanced  in  crater  animals. 
The  calculations  presented  in  Table  II, 
showing  that  there  were  on  the  average 
only  1.5  H-disintegrations  in  the  DNA  per 
cell  per  year,  show  that  one  should  not 
expect  to  be  able  to  measure  directly  such 
“repair”  activities  in  any  short-term 
assay. 

Geographic  or  Nutritional  Differences 

The  crater  and  control  animals  were 

trapped  in  similar  desert  environments 

approximately  40  miles  apart.  By  simple 
49 

taxonomic  criteria  the  species  appeared 
to  be  identical.  The  food  supply  around 
Sedan  crater  consisted  almost  exclusively 


of  Sal  sola  kali,  which  is  the  preferred 
food  of  these  animals.  Additional  food 
plants  were  available  at  the  control  sites. 
It  is  conceivable,  though  unlikely,  that  a 
difference  in  nutrient  intake  was  respon¬ 
sible  for  our  findings  on  liver  DNA. 

Technical  Artifacts 

The  properties  of  DNA  isolated  from 
several  pools  of  crater  or  control  animals 
over  a  period  of  nearly  two  years  were  not 
entirely  reproducible.  Unfortunately  the 
observed  differences  between  crater  and 
control  DNA  were  small  and  not  much 
greater  than  the  internal  variation  in  prop¬ 
erties.  However,  in  each  simultaneously 
prepared  batch  of  crater  and  control  DNA 
the  differences  observed  were  always  in 
the  same  direction  for  each  variable  ex¬ 
amined.  Although  the  isolation  of  DNA  is 
a  lengthy  and  complex  procedure,  we  be¬ 
lieve  it  is  unlikely  that  artifacts  of  tech¬ 
nique  could  be  responsible  for  the  differ¬ 
ences  consistently  observed. 


Conclusions 


There  is  an  abundant  population  of  kan¬ 
garoo  rats  living  on  the  throwout  zone 
around  Sedan  crater.  They  appear  to  grow 
and  reproduce  normally,  and  they  survive 
well  in  captivity.  They  are  usually  trapped 
in  greater  yield  than  the  control  animals, 
which  may  indicate  a  relative  protection 
from  natural  enemies  that  is  perhaps  due 
to  the  limited  variety  of  foods  in  the  crater 
area.  Under  present  circumstances,  more 
detailed  knowledge  of  their  life  cycle, 
longevity,  and  incidence  of  mutations  and 
disease  is  not  available. 


The  animals  from  the  crater  environ¬ 
ment  were  exposed  to  approximately  equal 
amounts  of  internal  soft  /3  and  external  7 
irradiations  which  provided  a  chronic 
dosage  totaling  20-50  rad  for  adult  animals. 
This  level  appraches  that  which  could  be 
encountered  in  peaceful  applications  of 
nuclear  energy.  At  the  level  observed  in 
this  study  one  might  expect  to  see  a  slight 
increase  in  mutation  rate  and  chromosome 
aberrations,  based  on  previous  studies. 
However,  such  doses,  whether  acute  or 
chronic,  have  not  previously  to  our 
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knowledge  produced  effects  which  could  be 
demonstrated  in  vitro  in  reasonably  well 
understood  biochemical  systems.  Previous 
biochemical  studies  have  generally  re- 
quired  acute  radiation  doses  at  least  one 
or  two  orders  of  magnitude  higher  to  pro¬ 
duce  observable  effects. 

The  physicochemical  and  functional 
changes  observed  in  the  DNA  of  the  ir¬ 
radiated  animals  were  small  but  they  ap¬ 
peared  to  be  abnormal  by  comparison  with 
control  samples  and  samples  from  Long- 
Evans  rats  and  other  organisms.  We  can¬ 
not  conclude  that  these  changes  were 
harmful,  because  the  population  in  which 
they  were  observed  was  apparently  a  vig¬ 
orous  population.  However,  we  must 


conclude  that  such  changes  are  potentially 
harmful  since  they  indicate  an  altered 
conformation  of  the  DNA,  which,  in  the 
mammalian  liver  cell,  regulates  metab¬ 
olism  by  messenger  transcription  and 
could  give  rise  to  somatic  mutations  lead¬ 
ing  to  cell  death  or  neoplastic  transfor¬ 
mation. 

Further  study  must  be  directed  partic¬ 
ularly  at  the  template  performance  of  this 
irradiated  DNA  with  respect  to  transcrip¬ 
tion  errors  and  response  to  stimuli  for 
DNA  replication.  The  logistic  difficulties 
and  the  inability  to  vary  radiation  type  and 
dosage  in  the  present  studies  suggest  that 
a  shift  to  a  laboratory  animal  will  be  ad¬ 
visable. 
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